ture-sensitive SV40 large T-antigen gene. 10, 11) TR-BBB cells express transporters including mdr1a/ABCB1, mrp1/ABCC1 and BCRP/ABCG2, and also retain the functions of the in vivo BBB. 12, 13) hBME cells are cultured human brain microvascular endothelial cells, which also express BBB transporters, including MRP1, and retain amino acid transport activity.
14)
The purpose of this study was, therefore, to investigate the expression of ABCA subtypes in rat and human BCECs by using TR-BBB and hBME cells.
MATERIALS AND METHODS
Animals Adult male Wistar rats, weighing 230 to 280 g, were purchased from Charles River Laboratories (Yokohama, Japan). All experiments were approved by the Animal Care Committee, Graduate School of Pharmaceutical Sciences, Tohoku University.
Cell Culture TR-BBB cells and hBME cells were cultured as described previously. 10, 14) Briefly, TR-BBB11 and 13 cells were grown in Dulbecco's modified Eagle's medium (DMEM, Nissui Pharmaceutical, Tokyo, Japan) supplemented with 20 mM sodium bicarbonate, 15 mg/ml endothelial cell growth factor, 100 U/ml benzylpenicillin potassium, 100 mg/ml streptomycin sulfate and 10% fetal bovine serum (Moregate, Bulimba, Australia) onto collagen type I-coated tissue culture dishes (BD Biosciences, Franklin Lakes, NJ, U.S.A.) at 33°C in a humidified atmosphere of 5% CO 2 in air. hBME cells provided by the Applied Cell Biology Research Institute (Kirkland, WA, U.S.A.) were purchased from Dainippon Pharmaceutical (Osaka, Japan). hBME cells were cultured in CS-C Complete Serum-Free medium kit (Cell Systems Corporation, Kirkland, WA, U.S.A.). hBME cells were grown in collagen type I-coated tissue culture dishes Brain Capillary-Rich Fraction Isolation of the rat brain capillary-rich fraction was performed as described previously. 10) Briefly, cerebrum excised from rats was dissected into pieces, and homogenized in phosphate-buffered saline (PBS). Homogenate was added to the same volume of 32% dextran solution, and then centrifuged (4500ϫg, 20 min, 4°C). The resulting pellets were washed in PBS to obtain the enriched capillary fraction. The mRNA level of ABCG2, which is selectively localized at BCECs in rat brain, in the fraction was enriched 34.7-fold compared with that in whole brain.
15)
RT-PCR Analysis Total RNA was prepared from TR-BBB cells, hBME cells and brain capillary-rich fraction using TRIzol reagent (Life Technologies, Grand Island, NY, U.S.A.) according to the manufacturer's protocol. Human brain cDNA was purchased from Clontech (Palo Alto, CA, U.S.A.). Single-stranded cDNA was made from 1 mg total RNA by reverse-transcription (ReverTraAce, Toyobo, Osaka, Japan) using oligo dT primer. Primer sets were designed from the regions in which the nucleotide sequence was conserved in humans and mice, since, at the time the RT-PCR analysis was conducted, the nucleotide sequence of the rat ABCA subtypes was not available. PCR was conducted with the specific primer sets (Table 1 ) through 1 cycle of 94°C for 2 min, and 35 cycles of 94°C for 30 s, annealing temperature (Table 1 ) for 1 min, and 72°C for 1 min, then 72°C for a further 10 min. The RT-PCR products were separated by electrophoresis on agarose gel. All PCR products were subcloned and sequenced using a DNA sequencer (CEQ2000XL; Beckman Coulter, Fullerton, CA, U.S.A.).
RESULTS
mRNA expression was analyzed using 2 lines of TR-BBB cells, TR-BBB11 cells and TR-BBB13 cells (Fig. 1A) . ABCA1, 2, 3, 4, 6, 7 and 8/9 were detected in both TR-BBB11 and TR-BBB13 cells. ABCA5 was detected in TR-BBB11 cells, but not in TR-BBB13 cells. The nucleotide sequences of the amplified products of ABCA1, 2 and 5 were identical to those of the corresponding rat genes. The sequences of the product of other subtypes had the highest homology with the corresponding mouse genes (ABCA3, 86%; ABCA4, 93%; ABCA6, 89%; ABCA7, 93%; ABCA8, 86%; ABCA9, 92%). This result indicates that the ABCA subtypes are expressed in TR-BBB cells.
The expression of ABCA subtypes at the BBB in vivo was examined in the rat brain capillary-rich fraction. mRNA expression of ABCA1, 2, 3, 4, 7 and 8/9 was detected (Fig.  1B) . This suggests that these ABCA subtypes are expressed in rat BCECs. By using primer sets for ABCA6, multiple bands were detected at around the expected size (data not shown).
Expression in human BCECs was examined using hBME cells. Due to the limitation of the cDNA, RT-PCT was performed for one subtype in each ABCA1-and ABCA5-like Table 1 . For ABCA1, 4, 7 and 8/9 detection, primer sets A1-1, A4-1, A7-1, A8/9-1 were used, respectively. (B) mRNA expression in rat brain capillary-rich fraction. For ABCA1, 4, 7 and 8/9 detection, primer sets A1-2, A4-2, A7-2, A8/9-2 were used, respectively. Reactions were performed against total RNA with (ϩ) or without (Ϫ) reverse transcription (RT).
Fig. 2. mRNA Expression of ABCA2 and 5 in Human Brain and hBME Cells
RT-PCR analysis was performed with the specific primer sets shown in Table 1 . Reactions were performed against total RNA with (ϩ) or without (Ϫ) reverse transcription (RT). subgroups, namely ABCA2 and 5, respectively. The amplified products of ABCA2 and 5 in hBME cells were detected at the same size as in human brain (Fig. 2) . The nucleotide sequence of each product was identical to that of the corresponding human subtype. This result suggests that ABCA2 and 5 are expressed in human BCECs.
DISCUSSION
The present study examined the mRNA expression of ABCA subtypes in cultured rat and human BCECs (TR-BBB cells and hBME cells, respectively) and the rat brain capillary-rich fraction. The brain capillary-rich fraction is useful for detecting expression in the BBB in vivo, however, contamination by neural cells could not be ruled out. Indeed, ABCA1 was detected in cultured glial cells and neurons, 16) and ABCA2 is expressed in oligodendrocytes. 17) Cultured BCECs are free of any contamination, whereas immortalization affects gene expression. To minimize the difference in the gene expression between the in vivo BBB and cultured BCECs, we conducted PCR analysis using cultured rat and human BCECs and rat brain capillary-rich fraction. Furthermore, two different lines of TR-BBB cells were used to examine the line effect of immortalization on transporter expression. Among the ABCA subfamily, ABCA1 has been reported to be expressed in cultured porcine BCECs. 9) This study suggests that not only ABCA1 but also other ABCA subtypes are expressed at the BBB.
ABCA4 has been identified as a gene, the mutation of which is linked to eye conditions, such as Startgardt's disease, 18) and it has been reported to be selectively expressed in the retina by Western blot analysis. 19) This study shows that ABCA4 is expressed in TR-BBB cells and the brain capillary-rich fraction (Fig. 1) , suggesting that ABCA4 is expressed at the BBB. This is the first evidence to suggest that ABCA4 is expressed in tissues other than the retina. Since the volume of BCECs is only 0.1% of the total brain, the expression of ABCA4 could not be detected in the brain by Western blot analysis. There is a clinical report showing that neurological conditions, such as weakness of both arms and legs, and signs of demyelination at the cerebellum are found in a patients with Startgardt's disease. 20) Furthermore, ABCA4 has been suggested to mediate retinal transport, 21) and retinoids play important roles in CNS function and development. 22) Therefore, expression of ABCA4 in BCECs would explain the neurological symptoms in Startgardt's disease.
Expression of ABCA2, 3 and 7 has been reported to be induced by cholesterol. [4] [5] [6] The present study suggests that these subtypes are expressed at the BBB. Therefore, it is conceivable that the plasma and brain levels of cholesterol affect the expression of ABCA2, 3 and 7 at the BBB. Interestingly, ABCA2 has also been suggested to act as a drug resistance gene, since ABCA2 protein is highly expressed in human ovarian cancer cells resistant to estramustine. 23) ABCA2 is also expressed in hBME cells (Fig. 2) . Therefore, it is possible that the cholesterol level affects the drug efflux process at the BBB.
The ABCA subfamily consists of two subgroups: one is the ABCA1-like subgroup formed with ABCA1, 2, 3, 4 and 7, and the other is the ABCA5-like subgroup formed with ABCA5, 6, 8 and 9. 24) Genes of the ABCA5-like subgroup cluster on human chromosome 17. 24) Compared with the ABCA1-like subgroup, information about the ABCA5-like group is limited. ABCA5 mRNA was detected in TR-BBB cells, rat brain capillary-rich fraction and hBME cells (Figs.  1, 2) . mRNA expression of other transporters in the ABCA5-like subgroup was also detected in TR-BBB cells (Fig. 1A) . These results suggest that transporters in the ABCA5-like subgroup play roles in the rat and/or human BBB. ABCA5 mRNA was not detected in TR-BBB13 cells, while it was detected in TR-BBB11 cells, rat brain capillary-rich fraction and hBME cells (Figs. 1, 2) . One possible explanation is down-regulation during cell culture. It is also conceivable that ABCA5 expression in the BCECs is heterogeneous in the brain, and TR-BBB11 and 13 cells were derived from different brain regions.
Among the ABCA5-like subgroup, ABCA8 has been reported to play a role in transport. 25) Unlike other ABC transporters, ABCA8 exhibited ATP-dependent uptake of organic anions, such as estrone sulfate, para-aminohippuric acid and estradiol-b-glucronide, in a Xenopus oocyte expression system. This indicates the possibility that ABCA8 functions as a new anion transport system at the BBB. ABCA8 and 9 have a high degree of homology, and the present PCR study could not distinguish these transporters by the sequence of the PCR product, since rat subtypes have not been reported, and ABCA9 was reported 26) after this PCR analysis was performed. Therefore, further PCR analysis is necessary using a primer set in the non-conserved region, e.g. the un-translated region, to distinguish between ABCA8 and 9.
In conclusion, the present study shows that various ABCA subtypes are expressed in cultured rat and human BCECs, suggesting the expression of ABCA subtypes at the BBB. This BBB expression of ABCA subtypes throws a new light on studies involving the BBB. Therefore, the function and localization of ABCA subtypes at the BBB needs to be analyzed in further studies to gain a better understanding of BBB function.
